Tumor-infiltrating inflammatory cells comprise a major part of the stromal microenvironment and support cancer progression by multiple mechanisms. High numbers of tumor myeloid cells correlate with poor prognosis in breast cancer and are coupled with the angiogenic switch and malignant progression. However, the specific roles and regulation of heterogeneous tumor myeloid populations are incompletely understood. CSF-1 is a major myeloid cell mitogen, and signaling through its receptor CSF-1R is also linked to poor outcomes. To characterize myeloid cell function in tumors, we combined confocal intravital microscopy with depletion of CSF-1R-dependent cells using a neutralizing CSF-1R antibody in the mouse mammary tumor virus long-terminal region-driven polyoma middle T antigen breast cancer model. The depleted cells shared markers of tumor-associated macrophages and dendritic cells (M-DCs), matching the phenotype of tumor dendritic cells that take up antigens and interact with T cells. We defined functional subgroups within the M-DC population by imaging endocytic and matrix metalloproteinase activity. Anti-CSF-1R treatment altered stromal dynamics and impaired both survival of M-DCs and accumulation of new M-DCs, but did not deplete Gr-1 + neutrophils or block doxorubicin-induced myeloid cell recruitment, and had a minimal effect on lung myeloid cells. Nevertheless, prolonged treatment led to delayed tumor growth, reduced vascularity, and decreased lung metastasis. Because the myeloid infiltrate in metastatic lungs differed significantly from that in mammary tumors, the reduction in metastasis may result from the impact on primary tumors. The combination of functional analysis by intravital imaging with cellular characterization has refined our understanding of the effects of experimental targeted therapies on the tumor microenvironment.
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inflammation | myeloid cells | matrix metalloproteinase | CSF-1 receptor | lung metastasis C ells of the myeloid lineage, including macrophages, monocytes, neutrophils, mast cells, and immature myeloid cells, are major components of the complex stromal microenvironment of solid tumors (1, 2) . Abundant evidence from human and experimental tumor types shows that myeloid cells support tumor growth and progression by a wide range of mechanisms, including stimulation of angiogenesis, secretion of factors inducing tumor growth, survival and cell migration, remodeling of the extracellular matrix to facilitate growth and invasion, recruitment of additional support cells, and suppression of the antitumor immune response (3) (4) (5) . In human breast cancer, as in most other solid tumors, large numbers of myeloid cells, characterized as tumor-associated macrophages (TAMs), correlate with poor prognosis, as does high expression of the myeloid cell mitogen colony-stimulating factor-1 (CSF-1, M-CSF) or its receptor CSF-1R (CD115, c-fms), and gene-expression profiles reflecting myeloid involvement or CSF-1 signaling (3, (5) (6) (7) (8) .
The marked effects of myeloid cells on tumor growth, invasion, and metastasis identify them and the signaling pathways mediating cancer cell-myeloid cell interactions as potentially attractive targets for treatment of aggressive cancer. TAM depletion by clodronate-encapsulated liposomes reduces tumor growth in various grafted tumors (3, 5, 9) . Genetic ablation, antisense and antibody approaches for inhibition of CSF-1/CSF-1R signaling lead to macrophage depletion and reduce malignancy in several models, with abrogated tumor angiogenesis in most cases (3, 5, 9, 10 , and references therein). A null mutation in CSF-1, which leads to the lifelong absence of the majority of macrophages, results in delayed tumor progression in the transgenic mouse mammary tumor virus long terminal regiondriven polyoma middle T antigen (MMTV-PyMT) model of aggressive breast cancer, evidenced by more differentiated histology and decreased lung metastasis, apparently because of decreased tumor angiogenesis (11) (12) (13) .
Our understanding of the properties and functions of myeloid cell types in primary and metastatic tumors is still incomplete, because of the broad specificity and varying use of cellular markers, as well as myeloid cell plasticity and contrasting results obtained from a wide variety of tumor models (4, (14) (15) (16) . We and others have used intravital microscopy to define real-time dynamics of several distinct subpopulations of stromal cells in different stages of mammary tumor progression and tumor response to chemotherapy, or relapse thereafter (17) (18) (19) (20) . In this study, we sought to define Significance Tumor-infiltrating myeloid cells fail to support antitumor immunity, and instead contribute to increased malignancy and poor prognosis in breast cancer. We used intravital microscopy in a model of breast cancer to provide unique insight into cellular composition and real-time dynamics of the stromal microenvironment. We characterized the effects of targeted therapy against CSF-1R, an important myeloid cell mitogen receptor. We demonstrate that by blocking accumulation and compromising survival, anti-CSF-1R treatment depletes a cell population sharing characteristics of tumor-associated macrophages and dendritic cells, which further comprises subgroups with different endocytic and matrix metalloproteinase activities. However, the resulting relatively modest delay in tumor growth and metastasis suggests that other cells, such as neutrophils or fibroblasts, may maintain the tumor trophic microenvironment.
the characteristics and importance of CSF-1-dependent myeloid cells in the MMTV-PyMT breast cancer model by using the neutralizing monoclonal CSF-1R antibody M279 (21) to deplete this population at different stages of tumor progression. We then analyzed the tumor response, phenotype of the depleted cells, and cell dynamics in the tumor microenvironment.
Results
CSF-1R Blockage Depletes TAM-Dendritic Cells, but Does Not Affect Tumor-Associated Neutrophils. We first established the efficacy of live imaging and flow cytometry for characterizing the regulation of CSF-1R-bearing myeloid cells in the MMTV-PyMT tumors (17) . Treatment of tumor-bearing MMTV-PyMT/c-fms-EGFP mice with M279 for 60 d dramatically reduced the numbers of cfms-EGFP-expressing myeloid cells by ∼85% compared with rat IgG-treated control mice (Fig. 1A) . M279 treatment also led to a massive increase of CSF-1 levels in the serum (Fig. S1A ) because of the diminished clearance of the circulating ligand through CSF-1R-mediated endocytosis (21, 22) . Immunostaining of tumor sections confirmed that cells expressing CSF-1R and the mature macrophage/TAM marker F4/80 were depleted throughout the tumor tissue (Fig. S1 C and D) . Depletion of myeloid cells was also visible by intravital imaging of fourth (inguinal) mammary tumors of MMTV-PyMT/ACTB-ECFP/c-fms-EGFP mice with a spinningdisk confocal microscope (17, 18) visually estimated as more than 50% in M279-versus IgG-treated mice was seen in 6 of 11 of littermate pairs treated for 4-7 d, in 8 of 9 pairs treated for 14-25 d, and in 6 of 7 pairs treated for 30 d or longer. All M279-and control-treated tumors imaged had motile as well as stationary c-fms-EGFP + cells. M279 treatment resulted in a striking reduction in sessile stromal myeloid cells that take up intravenously injected low molecular weight dextran leaking out of the blood vessels (Fig. 1B, Fig. S1B , and Movies S1-S4). For a more rigorous quantification and characterization of the depletion effect, including the tumors and deeper tumor regions not accessible by intravital imaging, we used immunostaining of tumor sections and flow cytometry.
Flow cytometric analysis confirmed that M279 treatment efficiently depleted cells with surface expression of CSF-1R (Fig.  1F, green arrow) . We next characterized the CSF-1R + cells. CSF-1R may be present on dendritic cells as well as macrophages (23) . Strikingly, the depleted cells expressed the classical dendritic cell markers CD11c and MHC II, as well as F4/80, CD80, and CD11b ( Fig. 1 C-F and Fig. S2A ). Thus, these cells match the phenotype of the cells recently defined as tumor dendritic cells (TuDCs) in the MMTV-PyMT model (20) , but have been called TAMs on the basis of CSF-1R and F4/80 expression in previous studies (24) , and more recently, based on expression profiling (2) . In our study, we refer to them as macrophage-dendritic cells (M-DCs). Indeed, the population expressing both F4/80 and CD11c constituted ∼80% of c-fms-EGFP-expressing myeloid cells in MMTV-PyMT tumors, with minor single-positive populations (Fig. 1E) .
Motile Gr-1 + cells patrol the tumor vessels and stroma (17) . The Gr-1 antibody recognizes a heterogeneous population of myeloid cells, including neutrophils and inflammatory monocytes (25) . Although neutrophils express the c-fms-EGFP transgene, they do not normally express the CSF-1R protein on the cell surface (26) . Thus, the morphology of Gr1 + cells are rapidly recruited in large numbers in response to cell death or necrotic debris (17, 18) . However, M279 treatment did not disrupt the influx of Gr-1 cells to areas of cell death induced by the chemotherapy agent doxorubicin administered 24 h before imaging ( Fig. 1G and Movie S6) (influx of cells was seen in four of six imaged mice in the IgG group and five and five mice in the M279 group when movies of two to six locations in each tumor were analyzed). These results suggest that CSF-1R-independent myeloid cells can contribute significantly to the tumor microenvironment.
M-DCs Depleted by Anti-CSF-1R Treatment Include a Sessile, Endocytic
Subgroup with Matrix Metalloproteinase Activity. The macrophage mannose receptor (MMR/CD206), a marker of alternative activation/M2 type polarization (17, 27) , mediates dextran uptake by myeloid cells. Dextran uptake has been used to identify TAMs (17, 24) and is suggested as a surrogate marker for antigen uptake by TuDCs (20) . The dextran-ingesting cells, located around the tumor nodules in the MMTV-PyMT model, were markedly decreased in M279-treated tumors (Figs. 1B and 2 C and F). As expected, very few Gr-1-expressing cells showed dextran uptake ( Fig. 2 A and E). The dextran-positive cells were a subpopulation of M-DCs, representing approximately one-third of them; >90% of dextranpositive cells expressed high levels of F4/80, and all were positive for CD11c ( Fig. 2 A and E). Most of the depleted dextran-ingesting cells also expressed lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1) (Fig. 2G and Fig. S1E ), a marker of M2-type and fetal macrophages with potent angiogenic activity and a tissue remodeling phenotype (28) (29) (30) (31) (32) . The dextran-positive cells were depleted as efficiently as the total F4/80 population ( Fig. 2 B-D) .
Matrix metalloproteinases (MMPs), and the activity of MMP9 in particular, are important for tumor trophic functions of TAMs and Gr-1 + neutrophils/inflammatory monocytes (18, (33) (34) (35) (36) (37) . When we imaged tumors with MMPSense, a fluorescent probe for the proteolytic activity of MMPs 2, 7, 9 and 13, most c-fms-EGFP + , dextran-ingesting myeloid cells displayed MMP activity ( Fig. 2 H and I, and Movies S7 and S8). MMPSense-labeled cells were also dramatically depleted by M279 treatment (Fig. 2I and Movies S8 and S9). The rapidly moving Gr-1 + cells did not label with MMPSense ( Fig. 2I and Movies S8 and S9), suggesting that their MMP9 was in an inactive state or diluted beyond detection upon secretion. These data suggest that the c-fms-EGFP + , MMPSense-labeled cells may play a role in promoting tissue remodeling involved in angiogenesis, invasion, and metastasis.
Anti-CSF-1R Acts by Blocking the Accumulation of New Myeloid Cells
and Compromising the Survival of Existing Tumor M-DCs. CSF-1/ CSF-1R signaling can support myeloid cell migration and differentiation, as well as their proliferation and survival (38) . Systemic anti-CSF-1R treatment in tumor-bearing mice could block the arrival of new M-DCs into tumors by directly removing the chemotactic signal and the stimulus for local differentiation or proliferation, or deprive existing M-DCs of an essential survival signal, causing them to die. To test these possible mechanisms, we injected MMTV-PyMT mice bearing small tumors with rhodamine-labeled dextran at the start of a 2-wk M279 or IgG treatment, and then injected Alexa Fluor (AF)647-labeled dextran 1-2 h before collecting tumors for analysis. We observed that the dextran-ingesting cells were long-lived, because in control mice, a large number of rhodamine-dextran-positive myeloid cells were still present after the 2-wk chase. These rhodamine-labeled cells took up the AF647-dextran 2 wk later. However, we also saw a robust infiltration of myeloid cells that were positive for AF647-dextran only, which we interpret as the cell population either recruited from peripheral blood or born by local proliferation or differentiation during the 2-wk chase (Fig.  3A) . Interestingly, we observed a sharp drop in the numbers of both dextran double-positive (preexisting) and AF647-dextran singlepositive (new) myeloid cells in the M279-treated tumors ( Fig. 3 A  and B) . These data suggest that M279 treatment blocks the survival of preexisting M-DCs in the tumor, and also inhibits further accumulation of new M-DCs. To exclude the possibility that dextran ingestion sensitizes M-DCs to M279 treatment, compromising survival, we used propidium iodide labeling in conjunction with intravital imaging to detect tumor myeloid cell death in vivo. In mice not injected with dextran, we saw multiple c-fms-EGFP + cells in the tumor labeling with propidium iodide after 4-6 d of M279 treatment, compared with very rare propidium iodide-positive myeloid cells in control tumors, confirming that CSF-1R inhibition can result in myeloid cell death ( Fig. 3C and Movies S10 and S11) (myeloid cell death was seen in three of seven mice in the M279 group and none of the five mice in the IgG group when two to eight locations in each tumor were analyzed).
Because the accumulation of new M-DCs into tumors was impaired, we characterized the myeloid cell populations in peripheral blood by flow cytometric analysis. There was no difference in the total myeloid cell pool in the blood of M279-treated versus control mice, and the Gr-1 + population, which greatly expands in blood during tumor progression, was unchanged by M279 treatment (Fig. 3 D, F, and H) . However, expression of CSF-1R was lower in blood cells (Fig. S3A) . Intravenous injection of AF647-labeled M279 revealed a small CSF-1R + population expressing very high levels of F4/80 (Fig. S3B) . In contrast to tumors, these circulating cells were mostly CD11c
− , but nevertheless were almost completely eradicated by M279 treatment (Fig. 3 F and H) . The depletion of this population, which has been suggested to replenish tissue resident macrophages selectively (21) , provides one plausible explanation for the observed lack of recruitment of new M-DCs into M279-treated tumors.
In blood, a smaller proportion but wider variety of cells than in tumors took up injected dextran (Fig. S3C ), but the dextran-positive population was still depleted by M279 treatment, especially the cells positive for both F4/80 and dextran (Fig. 3 G and H) .
Prolonged Anti-CSF-1R Treatment Delays Breast Tumor Growth. The first tumors in MMTV-PyMT mice transition from adenoma/MIN stage to malignant early carcinoma at 8-9 wk of age, a process that coincides with sharply increased macrophage infiltration and activation of angiogenesis (12) . TAM depletion alone can reduce tumor growth in some models but not others (8, 21, 39) . We therefore tested whether the efficient depletion of M-DCs achieved by M279 treatment was therapeutic in the MMTV-PyMT model. We administered M279 or control rat IgG from 8.5 wk of age, when first palpable tumors were detected, to 17 wk when all mice had metastases to the lung (Fig. 4A) . M279 treatment resulted in a modest but statistically significant (P < 0.05) delay in tumor growth as measured by total tumor burden (Fig. 4B) , and a similar trend was observed when the experiment was repeated with smaller groups of mice (Fig. S4A) . The treated tumors showed no obvious qualitative differences in tumor grade (Fig. S4B) or extent of tumor necrosis (Fig. S4C ), indicating that a block in progression to advanced carcinoma was not the cause of reduced tumor growth. The average number of metastatic foci per lung area was lower in the M279-treated mice compared with control mice (Fig. 4C) , although the mice in both treatment groups had extremely variable lung metastatic burdens.
Early Anti-CSF-1R Treatment Inhibits Lung Metastasis and Tumor
Angiogenesis. To analyze the effects of myeloid cell depletion on the early events involved in transition to malignancy and initiation of metastasis, we applied a prolonged treatment protocol starting at the hyperplastic stage at 4 wk of age before the beginning of extensive macrophage infiltration, initiation of angiogenesis, and invasion/metastasis, with the end point set at 12 wk, when the first macrometastases are seen in the lungs of MMTV-PyMT mice (Fig. 4A) (11, 40) . Average myeloid cell depletion was over 85% (Fig. S4D) . Importantly, in addition to delayed primary tumor growth (Fig. 4D) , we now observed a significant decrease in the number of lung metastatic foci with M279 treatment (Fig. 4E ), in agreement with observations that TAMs can support tumor cell intravasation in primary tumors and extravasation in metastatic lung (41, 42) . Furthermore, we observed a small but significant decrease in area occupied by CD31 + endothelial cells in the MMTV-PyMT tumors treated with M279 from 4 to 12 wk (Fig. 4 F and G) . This finding supports a link of macrophage depletion to decreased tumor angiogenesis, which is thought to be one of the major mechanisms by which antimacrophage therapies exert their effects (3, 8, 39) . For all graphs, *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant.
Lung Myeloid Cell Populations Are Minimally Affected by Anti-CSF-1R
Treatment. To determine if anti-CSF-1R treatment affects the myeloid compartment in the lung microenvironment, we analyzed metastatic lungs from MMTV-PyMT mice treated with M279 or IgG. The majority of myeloid cells in metastatic lungs were Gr-1 + neutrophils and inflammatory monocytes (Fig. 5 A-D) , as shown previously (43, 44) . Surprisingly, we did not see an accumulation of macrophage-or DC-like cells, indicating that the overall composition of the immune infiltrate in the metastatic lung is distinct from the primary tumors (Fig. 5 B-D) . As in the primary tumors and peripheral blood, the Gr-1 population did not change in response to M279 treatment ( Fig. 5 C and D) . In the lung, F4/ 80 expression was very low (Fig. 5B and Fig. S5A ), and therefore we used CD11c as the marker for lung macrophages and DCs. In contrast to the primary tumor, the effect of antibody treatment on CD11c-expressing cells in the lungs was minimal. However, we did identify a small population of CD11c + , c-fms-EGFP high cells, also expressing high levels of CD11b but low in F4/80 (Fig.  5E ), which were depleted by M279 treatment (Fig. 5 C-E) . Within this population, approximately half of the cells were dextran-positive (Fig. S5 B and C) , and M279 treatment reduced their numbers ( Fig. 5E and Fig. S5C ). The minimal impact of the antibody on lung myeloid cells suggests that the antimetastatic efficacy of depleting CSF-1R-dependent cells early in tumor development results from its effects on the primary tumor.
Discussion
In our study, we depleted CSF-1-dependent myeloid cells in a well-characterized, faithful model of human luminal-type breast cancer (45) , and showed that this cell population conforms to both TAMs and TuDCs. We therefore chose to call them M-DCs. By real-time observation of stromal dynamics enabled by intravital microscopy (17) and by flow cytometric analysis, we discovered that the M-DC population contains subpopulations distinguished by endocytic ability, LYVE-1 expression, and MMP activity. These data show that, although published studies often refer to either TAMs or TuDCs, the F4/ 80-CD11c double-positive M-DCs in breast tumors actually share characteristics of both, and existing subgroups still conform to both phenotypes. Furthermore, our results elucidate the mechanisms of CSF-1 function in tumors by showing that CSF-1R inhibition acted both by causing the death of established tumor-associated M-DCs and by blocking the accumulation of new M-DCs, possibly by depleting their supply from peripheral blood. Our study shows that M-DC depletion by sustained CSF-1R inhibition during multistage breast cancer progression delays tumor growth as monotherapy. However, the effect was relatively modest despite the prominence of the M-DC population in the primary tumors and the tumor trophic properties shown here and reported previously for TAMs. Treatment started in the initial stages of tumor development decreased tumor vascularization and blocked lung metastasis. CSF-1R blockage did not affect Gr-1-expressing neutrophils, which are important in supporting metastatic spread and tumor immune evasion (43, 44, 46) . These results imply that although effective anti-CSF-1 strategies remove a very large myeloid population with multiple tumor trophic activities, combination treatments need to be used for effective therapeutic targeting of advanced breast cancer.
Although abrogation of CSF-1 signaling depletes myeloid cells defined as TAMs in several models (8, 10, 21, 39, (47) (48) (49) , we found that the myeloid cell population depleted by M279 in MMTV-PyMT tumors matched the characterization of two phenotypes: TAMs and TuDC (20) . This population expressed published markers of both macrophages and DCs, such as CSF-1R and F4/80 on the one hand, and CD11c and MHC II on the other. Dextran uptake has also been previously used to identify TAMs (24). However, TuDCs, which are a major antigen-presenting population in the tumors, engaging tumor-specific T cells in stable complexes and suggested to induce tolerance, also take up dextran (20) . Accordingly, we called the myeloid population expressing both F4/80 and CD11c M-DCs. The presence of these antigen-presenting cells in tumors depended on CSF-1R signaling, as they were efficiently depleted by the M279 anti-CSF-1R antibody. The expression of LYVE-1, MMR, and MMP activity found in the dextran-positive subpopulation are characteristics previously identified with a M2-type polarization and trophic, angiogenic phenotypes (17, 27, 28, 30, 32) . These properties have also been associated with Tie2-expressing monocytes, a strongly angiogenic, immunosuppressive myeloid subgroup in peripheral blood and tumors that are also present also in the MMTV-PyMT model (28, 29, 50, 51) . The CSF-1-dependent M-DC population clearly consists of further subpopulations, most likely including the Tie2-expressing monocytes. Interestingly, a recent study found that in the C57BL/6 background, the CD11b-F4/80 double-positive TAM population that becomes dominant as MMTVPyMT tumors progress does not express the markers associated with M2 polarization, suggesting that there may be important strain-specific differences in tumor myeloid cell phenotypes (2) .
We also found that a population of myeloid cells in peripheral blood with high expression of c-fms-EGFP and F4/80 was strongly depleted by prolonged M279 treatment. Moreover, we observed that very few new dextran-ingesting M-DCs accumulated in the tumor during M279 treatment. The depleted circulating cells are a subset of monocytes proposed to be committed to a resident tissue macrophage fate (21, 52) . Our data are consistent with the hypothesis that CSF-1R signaling may be required for their maturation and acquisition of the "resident" phenotype, and possibly for survival in blood (21) . Because this population is almost entirely absent after M279 treatment, it is still unclear whether anti-CSF-1R treatment also inhibits the actual migration/chemotaxis process of M-DC precursors into tumors. M-DCs present before the treatment were also depleted from tumors, and we directly observed dying myeloid cells during the first week of treatment, indicating that M-DCs depend on CSF-1 for survival in the tumor microenvironment. We cannot completely rule out that new M-DCs or their precursors were still recruited from blood during the 2-wk chase period, but could not survive in the tumor in the presence of M279. Furthermore, the M-DC population may expand by proliferating within the tumor, or a phenotypically distinct tumor-resident population of myeloid cells may differentiate to acquire the M-DC phenotype. Thus, the absence of new M-DCs in the tumor after M279 treatment could also be explained by blocked proliferation or differentiation.
Although we observed a delay in primary MMTV-PyMT tumor growth caused by prolonged treatment with the M279 anti-CSF-1R antibody as a single agent, some recent studies using small molecule inhibitors or antibodies to CSF-1 or CSF-1R did not (8, 21, 39) . This difference most likely results from varying treatment schedules and relative specificity and potency of the inhibition. Furthermore, in CSF-1-null mutant mice, the majority of macrophages are absent, but the incidence and growth of MMTV-PyMT tumors is normal, although progression to metastatic late carcinoma is delayed (11) . The roles of CSF-1 signaling during development are likely to be different from those in adult organisms and in tumor progression, and genetic background may also affect these results.
We found that blocking CSF-1R early during tumor progression reduced lung metastasis. Macrophage and monocyte populations have been reported to support the seeding of metastatic breast cancer cells in the lung, assisting their extravasation, secreting vascular endothelial growth factor and inducing angiogenesis, and they also promote the growth of metastatic lesions (12, 13, 41, 42, 53, 54) . Macrophages support tumor cell migration and invasiveness by secreting chemotactic epithelial growth factor and matrix-remodeling proteases, such as cathepsins and MMPs (55) (56) (57) (58) . However, only a very minor lung myeloid cell population was affected by the M279 treatment. Thus, in our model the antimetastatic effect may have been mostly secondary to the depletion of trophic myeloid cells in the primary tumors. Our results, as well as a wide variety of other tumor models, show that myeloid cell depletion can abrogate tumor angiogenesis (14) . Both macrophage infiltration and the subsequent onset of angiogenesis in the MMTV-PyMT model are closely associated with malignant transformation (12) , and thus the early administration of M279 may have blocked the early stages of metastasis in the primary tumor rather than seeding and growth at the secondary sites.
Somewhat surprisingly, the observed efficient depletion of M-DCs, the largest infiltrating immune cell population in the MMTV-PyMT tumors, led to a relatively modest inhibition of tumor growth, metastasis, and angiogenesis. Our expectation was that TAMs would be trophic for tumors and that DCs would regulate tumor killing. However, because TuDCs do not support full activation or sustain cytolysis by cytotoxic T cells (20) , their depletion may be of little consequence. This finding suggests that depletion of TAM function did not contribute substantially to tumor growth. These observations indicate that other cell types have important trophic functions in the MMTV-PyMT tumors and metastases. Significantly, CSF-1R targeting did not affect the Gr-1 + neutrophil populations. Neutrophil-like myeloidderived suppressor cells have been shown to have protumor functions, including growth factor secretion, angiogenic activity, and immunosuppression, and to be important in supporting metastatic spread (1, 4, (42) (43) (44) 46) . In our study, intravital imaging demonstrated that the Gr-1 + cells are highly motile and retained their capability to be recruited rapidly to sites of extensive cell death. However, although Gr-1 + cells were abundant in metastatic lungs and peripheral blood, they were present in relatively small numbers in the primary tumors. It is likely that nonimmune cell types, such as carcinoma-associated fibroblasts, may be the key trophic stromal cells (1, 59) .
The interplay between tumor cells and their stromal microenvironment continuously evolves during multistage cancer progression. The combination of intravital imaging of stromal dynamics in multistage tumor progression with specific, potent inhibition of a major myeloid cell signaling pathway has allowed us to deepen the understanding of the roles of different myeloid cell subgroups in breast cancer. CSF-1 signaling is required for M-DC accumulation and survival in the MMTV-PyMT model, and effective targeting of the CSF-1 pathway is therefore an attractive therapy prospect for human breast cancer and several other tumor types, given the association of macrophages and CSF-1 signaling with poor prognosis (3, (5) (6) (7) (8) . Indeed, another recently developed antibody against CSF-1R led to reductions in macrophages and clinical objective responses in a small cohort of patients with diffuse-type giant cell tumor, a rare proliferative disease driven by deregulated CSF-1 production; biopsies from patients with various solid tumor types also showed reduced macrophage numbers and somewhat increased CD8 + /CD4 + T-cell ratios (10) . However, in the MMTV-PyMT tumors, which closely model aggressive luminal B-type human breast cancer, the effects of M-DC depletion on tumor growth, angiogenesis, and metastasis remain insufficient to block progression. Small-molecule CSF-1R inhibitors that have had some success in inhibiting tumor growth in mouse models significantly affect other targets in addition to CSF-1R, and have mostly been used in combination with other therapy (5, 8, 39, 60) . The results from our study also highlight the importance of acquiring a thorough understanding of the tumor trophic influences of various stromal players to effectively target the tumor microenvironment in cancer therapy. Combination therapy approaches that target several stromal components, as well as the tumor cells themselves, may be needed to overcome the complex microenvironmental machinery programmed to support tumor progression. Furthermore, our results indicate that efficient treatment of advanced breast cancer could benefit from combining targets that act more directly at the metastatic sites with antimacrophage strategies targeting the primary tumor. In our efforts to develop the right combinations for therapy, novel techniques, such as intravital imaging, can give us invaluable insight into how different interventions affect the growing, evolving tumor ecosystems.
Materials and Methods
Animals. The MMTV-PyMT (40), ACTB-ECFP mice (61) , and c-fms-EGFP (62) transgenic mouse lines were maintained in-house, all bred to at least sixth generation FVB/N background, and crossed to double-or triple-transgenic mice for experiments. All animal experiments were conducted in accordance with protocols approved by the Institutional Animal Care and Use Committee at the University of California, San Francisco.
Antibody Treatment of Mice. Female MMTV-PyMT/c-fms-EGFP or MMTVPyMT/c-fms-EGFP/ACTB-ECFP mice were treated with intraperitoneal injections of either rat M279 anti-CSF-1R antibody (provided by Amgen) (21) or rat IgG (Sigma-Aldrich), 400 μg per injection in 200 μL in PBS, three times per week for the times indicated. Tumor dimensions were measured with calipers at the time of each injection, and volumes were calculated using the formula width-squared times height multiplied by 0.52. Mice were perfusion-fixed with 1-2% paraformaldehyde (PFA) through the left ventricle, and tissue samples were collected and processed for (immuno)histological analysis and quantification (SI Materials and Methods). In other experiments, mice were injected intravenously with 100 μL of AF647-labeled 10 kDa dextran (4 mg/mL in PBS) (Life Technologies), and after 1-2 h perfused with 0.01 M EDTA in D-PBS to collect peripheral blood, and tissue samples were digested and processed to obtain single cell suspensions for FACS (SI Materials and Methods).
Intravital Imaging. The intravital spinning-disk confocal microscopy, surgical procedures, and anesthesia of mice were done as described previously (17), with some changes in equipment (SI Materials and Methods). Imaged mice were treated with M279 or IgG for the time stated in the figure and movie legends. Some mice were injected intravenously with 100-200 μL sterile PBS containing 4 mg/mL of 10 kDa, 70 kDa, or 2,000 kDa rhodamine-conjugated dextran and 4 mg/mL of 10 kDa AF488-or AF647-conjugated dextran (Life Technologies) just before or during imaging. Where indicated, propidium iodide (Life Technologies) was given intraperitoneally every hour, 66 μg/mL in 50 μL PBS. The MMPSense 680 reagent (PerkinElmer) was given intravenously in PBS 24-25 h before imaging, 2 nmol per mouse. Time-lapse videos were assembled using Bitplane Imaris (v6.3-7.6 for Windows 64×), adjusting brightness and contrast for clarity, as well as applying smoothing filters to reduce noise. Datasets were corrected for respiratory motion artifacts using "drift correction" with spot detection of 10-to 20-μm diameter and Brownian motion algorithm with a maximum radius of 25-35 μm. Quantification of sessile dextran-positive cells in the movies was done by manually counting all positive cells from a time point 3-5 h after intravenous injection of 10 kDa or 70 kDa dextran, in four littermate pairs of mice treated with IgG or M279, and dividing the counts by the field of view area in each video. Over 50% depletion of myeloid cells was estimated by visual inspection, as were dead-cell-caused influx of myeloid cells, and presence or absence of myeloid cell death, defined as more than five propidium iodidepositive myeloid cells.
Statistical Analyses. The sum of the volumes of all tumors born by each mouse (total tumor volume) was calculated for every time point, and the mean total tumor volume for each treatment group was plotted as a function of time to obtain growth curves. The difference between groups was evaluated by repeated measures analysis of variance of transformed tumor volume data with Dunnett adjusted multiple comparisons (SI Materials and Methods), using JMP software v7.0 interfaced with SAS v9.1 (SAS Institute). For all other comparisons, Student t tests were performed, using GraphPad Prism for Macintosh (v5.0d-6.0c; GraphPad Software). If necessary, variances were equalized with log transformation, or square-root transformation when a zero value measurement was present. For comparisons of more than two groups (FACS analysis), multiple comparisons were corrected for using the Holm-Sidak method.
